The diffusion process on Si (0 0 1) in the presence of a 5 keV Ar + ion beam has been investigated by monitoring initiation of ripple-pattern formation. The morphology of the surface obtained by scanning tunnelling microscopy measurements in ultrahigh vacuum were characterized using the height-difference correlation function. These measurements clearly show formation of nanostructured ripple patterns having wavelength ∼60 nm and height ∼0.32 nm at 200
Introduction
The understanding of diffusion process on silicon surface is of fundamental importance [1] for the development of nanoelectronic devices. The diffusion process becomes enigmatic when ion beam and temperature are used simultaneously [2] . Better understanding of this subject is required as focused ion-beams are increasingly being used in the fabrication of nanodevices [3] . The formation of ripple-like patterns in nanometre scale, on silicon surface with obliquely incident ion beam, similar to that observed in metre scale in sand dunes of the deserts [4] [5] [6] [7] [8] [9] [10] [11] , provides a method to investigate diffusion processes [6] . Statistical models have been developed [5] to explain the morphological features of the ion-beam induced ripple patterns that arise due to the balance between erosion and diffusion processes. These models have successfully predicted wavelength of the generated ripples, given as λ = 2π √ 2K eff /|ν| with K eff as effective surface diffusion constant and ν as the effective surface tension associated with the erosion process [5] . It is generally assumed that effective surface diffusion is a simple superposition of independent thermal and ion-beam induced contribution as K eff = K thermal + K ion [5, 6] . It is known that K thermal exhibits conventional Arrhenius behaviour [5, 12] 
and K ion is independent of temperature (T ). Systematic surface diffusion studies [13, 14] have shown that the presence of a low energy ion beam can modify both the activation energy E a and the pre-exponential factor K 0 of the thermal diffusion constant. It was observed in a study [2] of ripple-pattern formation on a Si (0 0 1) surface with 750 eV Ar + ion beam that the value of E a is about 1.2 eV at 550
• C, which is much less than the expected value of about 2 eV [1] . We have investigated, with a ultrahigh vacuum (UHV) scanning tunnelling microscope (STM) setup, the initiation of ripple-pattern formation on Si (0 0 1) at lower sample temperatures using a 5 keV Ar + ion beam and have found clear signature of ripple formation even at 200
• C.
Experimental
The Si (0 0 1) sample, typically 1 × 1 cm 2 , glued to a stainless steel sample plate using silver adhesive was transferred to an UHV (10 −9 mbar) analysis chamber (Omicron) for surface modification and to study morphology. The cleaning and modifications of the surface were carried out using a 5 keV cold cathode Ar + ion source (ISE 5, Omicron) by placing the sample on a manipulator. The imaging of the top surface was carried out in constant current mode using a STM (Omicron), attached to the same analysis chamber. For the removal of the oxide layer from the top of the Si sample, 0
• incident angle of the ion beam with respect to the surface normal was used, while for the surface modifications that angle was kept at 60
• . However, due to the position of the ion source in the chamber, some constant azimuthal angle (about 37
• ) was unavoidable. The operating pressure and the beam current during the sputtering experiment were about 2.5 × 10 −5 mbar and 20 µA, respectively. The sample was kept at a fixed temperature using resistive heating arrangement at the manipulator stage and was monitored using a K-type chromel-alumel thermocouple. In figure 1(a) we have shown a STM image of the Si (0 0 1) surface after the removal of the oxide layer with ion-beam irradiation. We investigated ripple-pattern formation by studying surface morphology of the Si (0 0 1) surface after exposing it to a 5 keV ion beam as a function of temperature. We could not detect any signature of ripple-pattern formation until we kept the sample temperature at 200
• C. Representative STM images of the modified Si (0 0 1) surface kept at 200
• C are shown in figures 1(b)-(e) that clearly indicate the initiation of ripplepattern formation. Figures 1(b) and (c) represent surface conditions after 15 min and 30 min of ion-beam irradiation, respectively, keeping the sample temperature at 200
• C. We then kept the sample at this temperature and switched off the ion beam (refer figure 1(d) ) for 30 min and finally switched on the ion beam again for another 30 min (figure 1(e)) at 200
• C. In table 1 we have shown wavelength of ripple-patterns and other associated morphological features obtained from the STM images of the sample at various stages.
Results and discussion
Domains start growing in one direction from the stage S15-S30 (refer figures 1(b) and (c)) and a clear signature of ripplepattern formation is obtained for S30A (refer figure 1(d) ). The direction of growth is perpendicular to that of the ion Table 1 . Parameters (A is the amplitude of the ripples, λ is the ripple wavelength, ξ is the correlation length parallel to the ion beam direction, ξ ⊥ is the correlation length perpendicular to the ion beam direction, α is the scaling exponent parallel to the ion beam direction, α ⊥ is the scaling exponent perpendicular to the ion beam direction) for the ion-beam modified Si surface at different stage of modification obtained from the analysis of STM images. The four different stages are S15 (sputtering for 15 min), S30 (sputtering for 15 + 15 min), S30A (sputtering for 15 + 15 min followed by switching off the ion-beam for 30 min), S30A30 (sputtering for 15 + 15 min followed by switching off the ion-beam for 30 min and then sputtering for 30 min). All experiments were carried out at 200
• C. beam, as observed in the ion-induced patterns. However, further bombardment in the presence of temperature for S30A30 (see figure 1(e) ) makes the surface irregular, although height fluctuation is still very small. We believe this indicates transition from the linear to the nonlinear regime that is typically accompanied by the disappearance of ripples and the appearance of rotated ripple structure [5, 15] . In our data rotation of ripples is not clear and we also do not observe any increase in ripple amplitude (refer table 1). We obtain the average wavelength (λ) and the amplitude (A) estimated from the STM images (refer table 1) by drawing line profiles along the ion-beam direction and approximating the ripple-like patterns with a simple form A cos(2π r/λ). Ripple patterns having an amplitude of 0.32 nm and a large wavelength (λ) of 60 nm could be observed due to the UHV condition of the chamber. For analysing the observed initiation of ripple structure, we used the height-difference correlation function of the following form [16] [17] [18] :
where h(r 0 + r) is the height of the surface at a relative position r and h(r 0 ) is the mean surface height. Equation (1) has been used to calculate statistically meaningful g(r) from the STM images. An average of the correlation function obtained from two different scan lengths for the same area along the two perpendicular directions for the surface at four different stages is shown in figure 2 . A nearly linear increase up to a certain length scale followed by saturation is observed in all the curves. The length scale, where the saturation is observed, is found to be smaller along the ion-beam direction for all stages of the modified surface. It is known that the height-difference correlation function, for many rough surfaces can be approximated as [19, 20] 
where σ 0 is the saturation roughness, ξ is the correlation length and α is the scaling exponent of the surface. The height-difference correlation data of the different modified surface stages have been fitted using equation (2), and the fits are presented in figure 2 . The associated parameters obtained from the analysis are listed in table 1. It can be noted from the table that the value of the scaling exponent, parallel ( ) to the ion-beam direction is more than that in the perpendicular (⊥) direction; however, the situation is reverse for the value of the correlation length. ξ ⊥ > ξ suggests that ion bombardment produces more diffusion in the perpendicular direction compared with the parallel one. With the dose, ξ ⊥ increases and is particularly prominent for the post annealed surface. However, for further bombardment, the value of the perpendicular correlation length (ξ ⊥ ) decreases for the postanneal bombardment (figure 1(e)) and is almost comparable to the perpendicular correlation length (ξ ⊥ ) for pre-anneal bombardment ( figure 1(c) ). This again suggests transition from the linear to the nonlinear regime.
Conclusion
In summary, we have observed initiation of ripple-pattern formation with a 5 keV Ar + ion-beam on the Si (0 0 1) surface provided the sample temperature is maintained over 200
• C. The wavelength and amplitude of the ripples remain almost constant at around 60 nm and 0.32 nm, respectively. The value of the effective surface diffusion constant K eff (= λ 2 |ν|/8π 2 ) turns out to be 5.1 nm 4 s −1 with ν = −0.11 nm 2 s −1 as calculated following the standard expressions [5] . The value of K thermal calculated from the Arrhenius equation with even the value of E a as 1.2 eV as obtained earlier [2] is found to be 2 × 10 −4 nm 4 s −1 -four orders of magnitude less than K eff . Hence one can assume that thermal diffusion is negligible here and ion-induced diffusion K ion , which scales with |ν| for fixed energy and angle of incidence [5] , is the dominating term and is expected to determine K eff as K eff = K thermal + K ion . But the requirement of 200
• C sample temperature and difference of patterns between S30 and S30A (refer figure 2 and table 1) , even when the ion beam is switched off, clearly indicate that thermal diffusion is important here and cannot be treated as an additive term. To ensure that K thermal becomes comparable to K eff , one has to either put a large (10 4 ) pre-factor or reduce the E a to around 0.8 eV. Systematic reduction of E a has been experimentally observed earlier for Ar + ion energy for more than 15 eV [14] . The reduction of E a was also observed in a STM study of the Si (1 1 1) surface and it was found that E a remains low even when [21] the ion beam is turned off after the creation of vacant regions. It has been predicted [22] theoretically that E a can take a low value like 0.8 eV due to vacancy mediated diffusion. A large periodicity (60 nm) of ripple pattern with amplitude (0.32 nm) less than the lattice parameter observed here also indicates vacancy mediated diffusion. It seems ion beam induced vacancies lower the effective activation energy of thermal diffusion and hence ion induced diffusion and thermal diffusion processes cannot be considered as two independent additive terms in determining the effective diffusion constant K eff . Further studies are required to make nanoscale ripple structures a viable route for device fabrication process and to understand the interplay between thermal and ion-induced terms in the surface diffusion process.
